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How brain tumors progress from precancerous le-
sions to advanced cancers is not well understood.
Using Ptch1+/ mice to study medulloblastoma pro-
gression, we found that Ptch1 loss of heterozygosity
(LOH) is an early event that is associated with high
levels of cell senescence in preneoplasia. In con-
trast, advanced tumors have evaded senescence.
Remarkably, we discovered that the majority of
advanced medulloblastomas display either sponta-
neous, somatic p53mutations or Cdkn2a locus inac-
tivation. Consistent with senescence evasion, these
p53 mutations are always subsequent to Ptch1
LOH. Introduction of a p53mutation prevents senes-
cence, accelerates tumor formation, and increases
medulloblastoma incidence. Altogether, our results
show that evasion of senescence associated with
Ptch1 LOH allows progression to advanced tumors.INTRODUCTION
For a certain number of human malignancies, it has been
possible to examine different stages of tumor progression and
correlate different histopathological stages with specific genetic
events (Fearon and Vogelstein, 1990). More recently, an
emerging paradigm proposes that oncogenic changes associ-
ated with the formation of precancerous lesions lead to cell
senescence, a mechanism that restrains tumor progression
in vivo (Braig et al., 2005; Chen et al., 2005; Michaloglou et al.,
2005). Brain tumors constitute a challenge for investigating
tumor progression because precancerous lesions are rarely de-
tected. Medulloblastoma is the most common brain tumor in
children, and deregulation of hedgehog signaling characterizesCell25% of human medulloblastomas (Taylor et al., 2012). Although
genomic studies have revealed recurrent genetic and epigenetic
alterations in human sonic hedgehog (SHH) medulloblastoma
(Hovestadt et al., 2014; Kool et al., 2014; Pugh et al., 2012; Rob-
inson et al., 2012), these studies can only be done on advanced
tumors and thus they do not illuminate the process of medullo-
blastoma progression.
Ptch1 heterozygous mice (Ptch1+/LacZ, designated here as
Ptch1+/ for simplicity) constitute one of the best-studied
models of medulloblastoma (Goodrich et al., 1997). It is currently
accepted thatmedulloblastoma development inPtch1+/mice is
a two-step process in which the Ptch1+/ germline mutation
leads to preneoplasia formation and the subsequent Ptch1
loss of heterozygosity (LOH) is sufficient to promote medullo-
blastoma progression (Ayrault et al., 2009; Pazzaglia et al.,
2006). Consistent with this, human genomic studies indicate
that medulloblastoma, similar to other pediatric cancers, dis-
plays fewmolecular changes compared to other types of tumors
(Pugh et al., 2012). Nevertheless, one study reported that pre-
neoplastic cells with Ptch1 LOH can differentiate into granule
neurons (Kessler et al., 2009), raising the possibility that Ptch1
LOH is not sufficient to promote medulloblastoma progression
and that there may be additional genetic or epigenetic events
governing the transition from preneoplasia to medulloblastoma.
Using the Ptch1 model of medulloblastoma, we discovered
that Ptch1 LOH is a very early event during medulloblastoma
development and is associated with high levels of cell senes-
cence in preneoplastic lesions. Additionally, we found that
advanced tumors have evaded cell senescence as a result of
p53 mutations or Cdkn2a locus inactivation, which occurs via
methylation of p16Ink4a/Cdkn2a regulatory sequences. Using or-
thotopic transplantation and genetic experiments, we show that
p53 point mutations prevent cell senescence, accelerate tumor
formation, and increase medulloblastoma incidence. Altogether,
we propose that medulloblastoma formation requires at least
three genetic events, where p53 or Cdkn2a inactivation disablesReports 14, 2925–2937, March 29, 2016 ª2016 The Authors 2925
Figure 1. Cell Senescence Is Disabled during Medulloblastoma Progression
(A) p21 (Cdkn1a) immunohistochemistry (IHC) images representative of P7 Ptch1+/ EGL, P14 preneoplasia, and advanced medulloblastoma (Adv. MB.).
(B) Number of p21-positive cells per 10,000 mm2 in Ptch1+/ EGL, preneoplasia, and Adv. MB (nR 5 animals).
(C and D) p16Ink4a IHC staining (C) and (D) number of p16Ink4a-positive cells per 10,000 mm2 in Ptch1+/ EGL, P14 preneoplasia, and Adv. MB (D) (nR 5 animals).
Red arrowheads indicate p21- (A) or p16Ink4a-positive (C) cells.
(E and F) Ki67 IHC staining (E) and number of Ki67+ cells in Ptch1+/ EGL, P14 preneoplasia, and Adv. MB (F) (n = 6 animals). Red rectangles (A, C, and E) indicate
the magnified regions.
(G and H) pH3 immunofluorescence (G) and number of pH3+ cells in Ptch1+/ EGL, preneoplasia, and Adv. MB (H) (n = 6 animals).
(legend continued on next page)
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cell senescenceassociatedwithPtch1LOH.Our results alsopro-
videamechanistic explanation for thepresenceof recurrent inac-
tivation of TP53 or CDKN2A in human SHH medulloblastoma.
RESULTS
Cell Senescence Is Disabled during Medulloblastoma
Progression in Ptch1+/ Mice
We were puzzled by the fact that while most Ptch1+/ mice
develop preneoplastic lesions, only a fraction of them acquire
advanced medulloblastoma (Mille et al., 2014; Oliver et al.,
2005). In some cancers, oncogene activation in precancerous
lesions leads to oncogene-induced senescence (OIS), an anti-
cancer mechanism that restrains tumor progression (Braig
et al., 2005; Chen et al., 2005; Michaloglou et al., 2005). It is
not known whether medulloblastoma precancerous lesions
display features of senescence and whether cell senescence
plays a tumor-suppressive role during medulloblastoma forma-
tion. For example, although p53 deletion in Ptch1+/ mice in-
creases medulloblastoma incidence (Wetmore et al., 2001), the
mechanism responsible for this effect was not studied. Similarly,
inactivation of important cell-cycle regulators such as p18Ink4c
(Uziel et al., 2005) or p27Kip1 (Ayrault et al., 2009) increases
medulloblastoma incidence in Ptch1+/ mice, but the cellular
processes responsible for these effects are largely unknown.
To test whether cell senescence plays a role duringmedulloblas-
toma progression, we assessed the levels of the senescence
markers p16Ink4a and p21 at different histopathological stages
of medulloblastoma in Ptch1+/ mice: postnatal day 7 (P7)
external granule-cell layer (EGL), preneoplasia (obtained at
P14, the earliest stage preneoplastic lesions can be distin-
guished), and advanced medulloblastoma (tumors obtained
from mice with terminal illness). As expected, the EGL in
Ptch1+/ cerebella displayed very low levels of p16Ink4a and
p21 (Figures 1A–1D and S1C). Interestingly, we found that pre-
neoplastic lesions displayed high numbers of p16Ink4a and p21
positive cells, while advanced medulloblastoma (Adv. MB.) had
lost these senescence markers.
We next examined the possible impact of the senescence
phenotype on the levels of proliferation at different stages of me-
dulloblastoma. Interestingly, while the EGL and advanced me-
dulloblastoma display a very high proportion of Ki67-positive
cells, preneoplastic lesions have more heterogeneous Ki67
staining, with a significantly lower average proliferation (Figures
1E and 1F). We also observed reduced levels of proliferation in
preneoplastic lesions using a second proliferation marker, phos-
pho-histone H3 (pH3; Figures 1G and 1H). As expected, cells in
preneoplastic lesions that are positive for p16Ink4 are negative for
proliferation (Figure S1B).
To test whether apoptosis also plays a tumor-suppressive role
during medulloblastoma progression, we measured the levels of(I and J) Cleaved caspase-3 (C.-caspase 3) IHC staining (I) and number of C.-cas
12-mm cryosections were processed for IHC (DAB) and counterstained with cres
Scale bars in (A)–(C) represent 50 mm (top), 20 mm (middle and bottom); scale bar
50 mm; and scale bars in (I) represent 20 mm. Each data point represents the mean
randomly selected sections; error bars indicate SEM; one-way ANOVA test with
section (E and F) and >50 cells/section (A–D) were counted. *, p% 0.05; **, p%
Cellcleaved-caspase 3 and found that while preneoplastic le-
sions display higher levels of apoptosis compared to the
EGL, advanced medulloblastomas sustain the same levels of
apoptosis as preneoplasia, suggesting that apoptosis does not
play a major role in limiting the progression from preneoplasia
to advanced medulloblastoma (Figures 1I and 1J). Altogether,
these results provide evidence that medulloblastoma preneo-
plastic lesions exhibit a senescent phenotype that negatively im-
pacts their proliferative capacity and may limit their progression
to advanced tumors.
p53 Mutations Are Frequent in Ptch1+/
Medulloblastoma Displaying Ptch1 LOH
OIS during cancer development leads to selection pressure for
the loss of tumor suppressor genes, such as TP53, causing
senescence evasion and tumor progression (Narita and Lowe,
2005). Since we observed loss of cell senescence markers at
late stages of medulloblastoma, we next looked at the status
of p53 in advanced medulloblastoma tumor samples from
Ptch1+/ mice. We sequenced the full coding frame of p53
(exons 2 to 11) and, strikingly, we found p53 somatic mutations
in 36% (7/19) of advanced medulloblastomas (Figures 2A and
2B). Most mutations found were heterozygous missense substi-
tutions located in the p53 DNA binding domain (Figures 2C, 2D,
and 2F) that have previously been reported in other cancers and
are known to abrogate p53 transcriptional activity and act in a
dominant-negative manner (Kato et al., 2003). To determine
the status of Ptch1 in these tumors, we designed a qPCR
approach on genomic DNA that detects the wild-type allele of
Ptch1 (Figure 2A). 95% (18/19) of advanced Ptch1medulloblas-
tomas display Ptch1 LOH as a result of a DNA loss (Figure 2A),
consistent with previous reports indicating that inactivation of
the Ptch1wild-type allele is required for medulloblastoma forma-
tion (Oliver et al., 2005; Pazzaglia et al., 2006). Importantly, all
p53mutant tumors also display Ptch1 LOH (Figure 2A), suggest-
ing that spontaneous p53 mutations cooperate with Ptch1 LOH
for medulloblastoma development. Overall, the results show that
while virtually all advanced Ptch1 medulloblastomas display
Ptch1 LOH, at least one-third of these tumors also display p53
inactivation via a mutational mechanism. Therefore, three ge-
netic events are required for medulloblastoma formation in at
least one-third of all Ptch1 medulloblastomas: Ptch1 heterozy-
gosity, Ptch1 LOH, and p53 mutation. These results challenge
the idea that Ptch1 LOH is sufficient for medulloblastoma forma-
tion (Pazzaglia et al., 2006).
We next investigated whether other Shh subgroup medullo-
blastoma mouse models also display spontaneous p53 muta-
tions. Interestingly, we discovered p53 mutations in 38% (3/8)
of Olig1-Gnas murine medulloblastomas (Figure 2E), a mouse
model of the Shh subgroup where the Gas subunit is inactivated
in Olig1+ neuronal progenitors and leads to high levels ofpase-3+ cells in Ptch1+/ EGL, preneoplasia, and Adv. MB (J) (n = 6 animals).
yl violet (Nissl).
s in (E) represent 200 mm (top) and 20 mm (bottom); scale bars in (G) represent
number of positive cells/area (per animal) quantified from two or three different
Bonferroni group comparisons was performed (B, D, F, H, and J). >300 cells/
0.01; ***, p% 0.001; n.s., non-significant. See also Figure S1.
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Figure 2. Ptch1+/ Medulloblastoma Display Ptch1 LOH and p53 Mutations
(A) Histogram showing the status of the Ptch1 wild-type allele and the p53 status in Adv. MB. samples. qPCR was performed on gDNA using primers that
specifically recognize thePtch1wild-type allele;Ptch1wild-type allele number relative toDot1lwas normalized to the cortex ofPtch1+/mice (one copy ofPtch1).
p53 mutations were identified by Sanger sequencing. Black boxes below each sample indicate p53 mutations; banded boxes indicate Ptch1 LOH.
(B) Proportion of medulloblastoma with (black) and without (gray) p53 mutations.
(C) List of p53 mutations found in different medulloblastoma samples; columns indicate the protein and DNA description, location of the mutation, type of
mutation, number of somatic counts reported in human cancer according to the International Agency for Research on Cancer, and the transcriptional activity of
each mutant (Kato et al., 2003).
(D) Examples of chromatograms showing p53 mutations found in Adv. MB. samples.
(legend continued on next page)
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hedgehog signaling (He et al., 2014). Thus, spontaneous p53
mutations are not only present in the Ptch1 model but can also
be found in other Shh medulloblastoma mouse models.
TP53 mutations have recently been reported in human SHH
and WNT primary medulloblastomas (Kool et al., 2014; Zhukova
et al., 2013). Interestingly, the frequency of p53 mutations in the
Ptch1 andOlig1-Gnasmouse models and in human SHHmedul-
loblastomas is comparable (36%–38% in mice versus 13%–
21% in humans); moreover, the nature of the P53 mutations
and their location in the TP53 gene are remarkably similar
(Figure 2F).
p53 Pathway Dysfunction in a Large Proportion of
Advanced Medulloblastoma
Since mutations that compromise the P53 pathway are
frequent in human medulloblastoma (Kool et al., 2014), we
investigated whether some Ptch1 medulloblastomas that do
not bear p53 mutations also exhibit deregulation of the p53
pathway. p53 mutations alter p53 transcriptional activity and
lead to p53 protein accumulation because p53 mutants can
no longer induce the expression of its negative regulator
Mdm2. As expected, when we assessed p53 levels in Ptch1+/
medulloblastomas, we found nuclear accumulation of p53 in
all advanced tumors bearing missense p53 mutations (Fig-
ure S2A). Remarkably, we also found p53 nuclear accumula-
tion in 50% (3/6) of p53 wild-type medulloblastomas, indi-
cating that the p53 pathway is also altered in tumors without
p53 mutations.
To further test whether p53 signaling is dysfunctional in
advanced medulloblastomas, we evaluated the integrity of p53
transcriptional activity in response to UV radiation in tumor cells
freshly isolated from primary Ptch1+/ medulloblastomas with
and without p53 somatic mutations. We assessed p53 activity
by measuring the mRNA levels of the p53 targets Pai-1, p21,
and Noxa. As expected, p53 mutant medulloblastoma cells
were deficient in upregulating Pai-1, p21, and Noxa in response
to UV (Figure S2B). Interestingly, while many p53 wild-type tu-
mors were capable of strongly activating these p53 target genes,
50% (7/14) of p53 wild-type tumors were deficient in transacti-
vating these key p53 target genes in response to UV (tumors
below themedian dashed line in Figure S2C and encircled in Fig-
ure S2B). Furthermore, when plotted to simultaneously compare
the expression of these three p53 targets, many p53 wild-type
tumors behave similarly to p53 mutant tumors (Figure S2D).
Therefore, one-half of p53 wild-type medulloblastomas display
p53 signaling defects.
Ptch1 LOH Precedes p53 Mutations during
Medulloblastoma Formation
If, as our data suggest, p53 mutations occur to evade cell
senescence in preneoplastic cells, p53 mutations should occur
after Ptch1 LOH. To test this hypothesis, we determined the(E) List of p53 mutations discovered in Olig1-Gnas medulloblastoma.
(F) Schematic structure of the P53 protein displaying the location of the p53 m
mutations reported in human SHH medulloblastoma (black) by Zhukova et al. (20
localization domain; OD, oligomerization domain; CTD, C-terminal domain.
See also Table S1 and Figure S2.
Celltemporal order in which Ptch1 LOH and p53 mutations occur
during medulloblastoma formation in Ptch1+/ mice. Using
laser-capture microdissection (LCM), we isolated genomic
DNA from preneoplastic lesions to sequence p53 and assess
the status of Ptch1 (Figures 3A and 3B). While the internal
granule-cell layer (IGL) of the cerebellum retained one allele of
Ptch1, preneoplastic lesions had a clear absence of the Ptch1
wild-type allele (Figure 3B). To assess whether we could reliably
determine the presence of p53 mutations from microdissected
tissue, we laser-captured tissue from advanced medulloblas-
toma samples in which we previously found p53 mutations;
when we sequenced p53 from these samples, we obtained se-
quences where the p53 mutations were readily identifiable (Fig-
ure 3C). When we microdissected a cohort of P14 preneoplastic
lesions, we found that 10 out of 14 (71%) preneoplastic lesions
displayed Ptch1 LOH. Interestingly, none of the preneoplastic
lesions at P14 had p53 mutations (Figure 3D), indicating that
Ptch1 LOH precedes p53 mutations. Consistent with this,
when we immunostained preneoplastic lesions for p53, we did
not find nuclear accumulation of p53 (Figure 3E), supporting
the idea that the p53 pathway is not deregulated at this stage
of medulloblastoma.
p53 Mutations Prevent Ptch1 LOH-Dependent
Senescence and Accelerate Medulloblastoma
Formation
In our analysis of medulloblastoma progression, high levels of
senescence correlate with Ptch1 LOH, while p53 mutations
correlate with the loss of the senescence phenotype. To mech-
anistically assess whether p53 mutations can bypass cell
senescence during medulloblastoma progression, we used an
orthotopic transplantation approach where Ptch1+/ granule
cell precursors (GCPs) isolated at P7 were transduced with a
lentivirus encoding p53R270C (or GFP, as a control) and then
rapidly implanted into the cerebella of C57Bl6 mice at P7 to
mimic their normal cerebellar microenvironment (Figure 4A).
Transplanted Ptch1+/ GCPs can be detected by their expres-
sion of b-galactosidase, due to the insertion of the lacZ gene
into the Ptch1 locus. When we dissected the cerebella 6 weeks
after injection, we observed that p53R270C lesions were signifi-
cantly bigger compared to their GFP controls (Figures 4B and
4C). We confirmed that p53R270C lesions still expressed the
p53 mutation even after 6 weeks (Figure 4D). Both GFP and
p53R270C tumors displayed Ptch1 LOH, indicating that p53 mu-
tations are not responsible for Ptch1 LOH (Figure 4E). Impor-
tantly, the levels of cell senescence as assessed by the number
of p16Ink4a-positive cells were lower in the presence of the p53
mutation (Figure 4F). Strikingly, introduction of the p53R270C
mutation dramatically accelerated medulloblastoma formation
and increased tumor incidence (Figure 4G). Together, these
results indicate that p53 mutations during medulloblastoma for-
mation bypass the cell senescence associated with Ptch1 LOHutations found in Ptch1 mouse medulloblastoma (blue) as well as the TP53
13). TAD1/2, transactivation domain; PRD, proline-rich domain; NLD, nuclear
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Figure 3. Ptch1 LOH Precedes p53 Mutations during MB Formation
(A) Laser-capturemicrodissection (LCM) of medulloblastoma preneoplastic lesions. A P14 cerebellum sectionwhere a preneoplastic lesion (red) is indicated (left).
After microdissection, the region is captured (right).
(B) The IGL from P14 Ptch1+/ cerebella shows retention of the Ptch1wild-type allele (one copy), while preneoplastic lesions have lost the Ptch1wild-type allele.
(C) Sanger sequences of DNA from an advanced medulloblastoma isolated using a standard DNA isolation column from a piece of tumor (left) or from a tissue
section of the same tumor using LCM (right); in both cases, the mutation can be readily identified.
(D) Histogram showing the absence or presence of the Ptch1 wild-type allele in P14 preneoplastic lesions. qPCR was performed on genomic DNA isolated from
eachmicrodissected lesion. Ptch1wild-type allele number relative toDot1lwas normalized to the IGL of Ptch1+/mice (one copy of Ptch1). The Ptch1 status and
p53 status is indicated below the graph; white squares indicate Ptch1 retention while striped squares indicate Ptch1 LOH; gray squares indicate p53 wild-type
sequences.
(E) p53 IHC on preneoplastic lesions shows absence of nuclear accumulation of p53 protein. Inset shows an Adv. MB. sample as positive control. Numbers
indicate the corresponding lesions from Figure 3D. Scale bar, 40 mm.in preneoplastic lesions, thus accelerating medulloblastoma
progression.
To extend our orthotopic transplantation findings with an
entirely genetic model, we also generated Ptch1+/ mice car-
rying the conditional p53R172H mutant allele (Olive et al.,
2004). This allele corresponds to one of the sporadic p53 mu-
tations found in our medulloblastoma cohort (Figure 2C). Since
the conversion of the conditional p53 locus to the p53R172H
allele is Cre dependent, we used the Math1-Cre transgene
to induce recombination (referred to as Ptch1+/;p53+/R172H).
We found that expression of the p53R172H mutation in the cer-2930 Cell Reports 14, 2925–2937, March 29, 2016 ª2016 The Authorebellum accelerates medulloblastoma formation and increases
medulloblastoma incidence in Ptch1+/ mice (Figure 4H). Ad-
vantageously, as the p53R172H mutation is a knockin, expres-
sion of p53R172H in these experiments is controlled by its
endogenous promoter. Furthermore, as previous medulloblas-
toma p53 studies have always used a null p53 allele, this is
the first time that a p53 point mutation is shown to collaborate
with Ptch1+/ in medulloblastoma. Importantly, the fact that
Ptch1+/;p53+/R172H has a stronger effect than Ptch1+/;p53+/
demonstrates that this mutation is not a simple null mutation
but rather acts as a dominant-negative and/or gain-of-functions
Figure 4. p53Mutations Prevent Ptch1 LOH-
Dependent Cell Senescence and Accelerate
Tumor Progression
(A)Diagramdepicting the orthotopic transplantation
approach where preneoplastic Ptch1+/lacZ GCPs
were transduced by spin-inoculation with either a
GFP or a p53R70C lentivirus before transplantation.
(B) X-gal stainings to detect lesions 6 weeks after
transplantation. GFP+ lesions were smaller and
frequently display regions of differentiated granule
neurons populating the IGL (arrows), while p53R70C
lesions correspond to Adv.MBs that do not display
features of differentiation. Scale bars represent
200 mm (top) and 50 mm (bottom). Bottom pictures
aremagnified regions indicated by theblackboxes.
(C) Tumor area ofGFP and p53R70C lesions (nR 4).
(D) Chromatograms of wild-type p53 or the
p53R70C mutation isolated from advanced p53R70C
tumors.
(E) Histogram showing the status of the Ptch1
wild-type allele in GFP and p53R70C lesions. Ptch1
wild-type allele number relative to Dot1l was
normalized to the IGL of the Ptch1+/+ recipient
mice (two copies of Ptch1).
(F) Number of p16Ink4a-positive cells inGFP lesions
compared to p53R70C tumors (n R 4) and exam-
ples of p16ink4a IHC pictures; scale bar, 20 mm.
(G) Kaplan-Meier survival analysis of C56BL6 mice
that received cerebellar transplants of preneo-
plastic GCPs infected with p53R70C (red) or GFP
(blue).
(H) Survival analysis of Ptch1+/;p53+/R172H,
Ptch1+/;p53+/, Ptch1+/;p53+/+, and Ptch1+/+
control mice showing that the p53R172H mutant
allele accelerates medulloblastoma formation and
increases medulloblastoma incidence in Ptch1+/
mice.
U test performed in (C) and Student’s t test in (F).
Error bars indicate SEM. Log-rank test was per-
formed in (G) and (H).mutant. Thus, this new mechanistic result supports and further
extends the conclusions of our orthotopic transplantation
experiments.
p16ink4a Inactivation Is an Alternative Mechanism for
Cell Senescence Evasion during Medulloblastoma
Progression
After finding that spontaneous p53 mutations explain senes-
cence evasion in one-third of medulloblastoma, we next as-
sessed possible alternative mechanisms to p53 inactivation
that could also lead to senescence evasion. The Cdkn2a locus
is comprised of two transcripts: p16ink4a and Arf. The loss of
either of these transcripts, similarly to mutations in p53, can
lead to senescence evasion in other cancers (Carnero et al.,
2000; Michaloglou et al., 2005). However, since the Arf knockout
neither accelerates Ptch1+/ medulloblastoma formation nor
increases its incidence (Wetmore et al., 2001), we focused on
p16ink4a as a possible alternative mechanism to p53 inactivation
resulting in senescence evasion.
We first quantified the mRNA expression of p16ink4a and
found that 60% (6/10) of the advanced medulloblastomas
without p53 mutations have low expression of p16ink4a mRNACell(Figure 5A; samples with p16ink4a expression lower than 50%
of the mean [dotted line] are defined as p16ink4a low). We
next investigated the mechanism leading to this low expression
of p16ink4a. We did not detect gene copy-number changes
in p16ink4a (exon 1a of Cdkn2a) (Figure 5B); in addition, we
did not find p16ink4a mutations. Interestingly, using bisulfite
sequencing, we found p16ink4a promoter/regulatory sequence
methylation (Figure 5C) in most advanced medulloblas-
toma samples with low p16ink4a expression (5/6; Figure 5D).
Conversely, in the majority of medulloblastoma presenting un-
methylated p16ink4a promoter (3/4), p16ink4a expression was
high (Figure 5D). Consistently, advanced medulloblastomas
with p16ink4a promoter methylation display lower p16ink4a
mRNA expression compared with samples without promoter
methylation (Figure 5E), and the levels of p16ink4a promoter
methylation are negatively correlated with p16ink4a expression
(Figure 5F). As downregulation of p16ink4a/Cdkn2a causes
senescence evasion in many cancers (Michaloglou et al.,
2005), methylation of the p16ink4a promoter, leading to its low
expression in many advanced medulloblastomas, is likely to
be a major determinant of their ability to have evaded
senescence.Reports 14, 2925–2937, March 29, 2016 ª2016 The Authors 2931
Figure 5. p16ink4a Promoter Methylation
Leads to p16ink4a Loss of Expression in
Advanced Medulloblastoma
(A) p16ink4a mRNA expression levels relative to
Gusb in 10 advanced medulloblastomas without
p53 mutations. 60% of p53 wild-type medullo-
blastomas display loss of p16ink4a expression.
(B) Copy-number analysis of the Cdkn2a exon 1a.
qPCR was performed using gDNA as template;
Cdkn2a exon 1a levels relative to Dot1l are shown.
(C) Schematics of the p16ink4a promoter region and
lollipop representation of p16ink4a promoter/regu-
latory sequence methylation in three representa-
tive tumor samples from (A); methylated and
unmethylated CpGs are represented as black cir-
cles or empty circles, respectively.
(D) Correlation between p16ink4a promoter
methylation and p16ink4a mRNA expression; chi-
square test was performed.
(E) p16ink4a mRNA expression levels relative to
Gusb in medulloblastomas according the methyl-
ation status of their p16ink4a promoter. Medullo-
blastomas with p16ink4a promoter methylation
display low p16ink4a mRNA expression compared
to unmethylated samples (one-tailed t test).
(F) Correlation betweenmethylation levels (number
of methylated CpGs) and p16ink4a expression.
(G) p53 status, p16ink4a expression and p16ink4a
promoter methylation status in 14 advanced
medulloblastomas. Black boxes indicate p53 mu-
tations, low p16ink4a expression and p16ink4a pro-
moter methylation. Senescence evasion (red
boxes) was determined when a tumor had either a
p53 mutation or p16ink4a inactivation.
*, p% 0.05; **, p% 0.01; ***, p% 0.001; n.s., non-
significant.We also investigated the relevance of these findings to human
medulloblastoma. We found that a subset (22%) of human SHH
medulloblastoma has higher p16INK4A regulatory sequence
methylation than the bulk of SHH medulloblastoma and normal
cerebellum (Figure 6A). Similar to our mouse data, methylation
of human p16INK4A correlates with its low expression in medullo-
blastoma (p = 0.0398), suggesting that the mechanism of
p16ink4a regulation that we describe here for mice might also
apply to human medulloblastoma.
Interestingly, we also found that 4% of human SHH medul-
loblastomas have a loss of the CDKN2A gene (Figure 6B; see
tumors below the red line). This loss is subgroup specific, indi-
cating that there is selection for the inactivation of CDKN2A in
SHH medulloblastoma. A closer inspection of the deleted re-
gions identified that some medulloblastomas harbor focal loss
of CDKN2A (Figure 6C). In addition to CDKN2A gene loss, a
deleterious point mutation has also been reported in CDKN2A
in SHH medulloblastoma (Kool et al., 2014). This mutation
(R80X) is predicted to affect the function of p16INK4A, but not2932 Cell Reports 14, 2925–2937, March 29, 2016 ª2016 The AuthorsARF (Quelle et al., 1997), further sup-
porting a role for p16INK4A, but not
ARF, in SHH medulloblastoma. Impor-
tantly, these results in human tumors
further support the functional relevanceof our finding that p16ink4a/Cdkn2a downregulation plays a role
in medulloblastoma progression.
DISCUSSION
Senescence Evasion Is a Hallmark of Medulloblastoma
It was previously demonstrated that Ptch1 heterozygosity leads
to GCP overproliferation and the formation of a hyperplastic
EGL, the first detectable histopathological stage of medulloblas-
toma (Thomas et al., 2009). Using Ptch1+/ mice we found that
Ptch1 LOH is a very early event during medulloblastoma forma-
tion, associated with high levels of cell senescence in preneo-
plastic lesions (Figure 7). We propose that hyper-activation of
hedgehog signaling due to Ptch1 LOH creates high levels of
oncogenic stress in preneoplasia, leading to OIS, an anticancer
mechanism that restrains the progression from preneoplasia to
advanced medulloblastoma (Figure 7). We found that p53muta-
tions or p53 pathway deregulation are frequent in advanced
tumors, and we discovered that p53 mutations appear after
Figure 6. CDKN2A Locus Alterations in
Human SHH Medulloblastoma
(A) CDKN2A methylation at a p16ink4a regulatory
region in SHH human medulloblastoma samples.
(B) Gene copy-number changes in the human
CDKN2A locus in medulloblastoma, according to
the molecular subtype. Percentage of tumors with
CDKN2A loss is indicated.
(C) Focal genomic losses encompassing the
CDKN2A locus. The location of CDKN2A is
indicated on human chromosome 9 (top); this
magnified region (bottom) comprises 4.3 Mb. The
CDKN2A gene is indicated with a red line in the
middle of the magnified region. Blue horizontal
lines indicate genomic losses, with darker blue
intensity reflecting higher copy-number loss.Ptch1 LOH, supporting the idea that cell senescence during pre-
neoplastic stages creates a selection pressure for the loss of p53
function. Accordingly, we demonstrate that introducing a p53
mutation bypasses cell senescence and accelerates medullo-
blastoma formation. Additionally, many medulloblastomas
without p53 mutations display p16ink4a promoter methylation
and low p16ink4a expression (Figure 5G), an alternative mecha-
nism known to lead to senescence evasion. Therefore, we pro-
pose that p53mutations orCdkn2a inactivation constitute a third
hit to evade cell senescence subsequent to Ptch1 LOH.
Together, p53 mutations (found in 36% of tumors) and Cdkn2a
inactivation (60% of the non-p53 mutated [100%  36% =
64%] are Cdkn2a low [38%]) explain senescence evasion in
74% of advanced medulloblastoma. Interestingly, we found
that 64% of human SHH medulloblastomas display mutations
that compromise the integrity of the P53 or CDKN2A pathway
(Table S1). Importantly, a genome-wide functional screen for
genes that collaborate with Ptch1+/ in mouse medulloblastoma
formation identified seven insertion mutations in the Cdkn2a lo-
cus in 85 tumors (p = 0.0067), indicating that Cdkn2a mutationsCell Reports 14, 2925–2937collaborate with Ptch1+/ and supporting
a functional role for the inactivation of
CDKN2A in SHH medulloblastoma (Gen-
ovesi et al., 2013). Overall, these data
suggest that P53 or CDKN2A pathway
inactivation plays an essential role in the
development of murine and human SHH
medulloblastoma.
Importantly, while it has been previ-
ously shown that targeted inactivation of
p53 can accelerate medulloblastoma for-
mation in Ptch1+/ mice and increase its
incidence (Wetmore et al., 2001), it re-
mained unknown whether p53 mutations
were involved in the natural history of me-
dulloblastoma. Thus, our study uncovers
a new mechanism about the genomic
progression of medulloblastoma.
Notably, our results also indicate that
Ptch1 LOH is not the genetic event that
governs the transition from preneoplasiato neoplasia and thatPtch1 LOH is not sufficient formedulloblas-
toma formation, as was previously thought (Pazzaglia et al.,
2006). This finding is consistent with what has been suggested
by others (Kessler et al., 2009; Oliver et al., 2005), although addi-
tional events have never been demonstrated. Therefore, medul-
loblastoma progression may not be as simple as other two-hit
cancer models such as retinoblastoma and displays similarities
to epithelial cancers, where multiple genetic events are required
for tumor formation and p53 mutations tend to be a late event
(Fearon and Vogelstein, 1990).
Hedgehog and p53 Signaling in Medulloblastoma
Shh signaling downregulates p53 activity (Stecca and Ruiz i Al-
taba, 2009), possibly by Gli1 activation of Mdm2 (Abe et al.,
2008). Consistent with this, reducing levels of Mdm2 increase
p53 levels and lead to cerebellar hypoplasia and reducedmedul-
loblastoma development in Ptch1+/ mice (Malek et al., 2011),
implying that p53 signaling is essential for medulloblastoma
tumor suppression. Similarly, the proto-oncogene PPM1D, a
negative regulator of P53, is overexpressed inmedulloblastomas, March 29, 2016 ª2016 The Authors 2933
Figure 7. Senescence Is a Barrier for Medul-
loblastoma Progression
There are three histopathological stages of medul-
loblastoma in Ptch1+/ mice: hyperplastic EGL,
preneoplasia, and advanced medulloblastoma.
Preneoplastic lesions display high levels of cell
senescence and low levels of proliferation, changes
associated with Ptch1 LOH. Advanced medullo-
blastomas display p53mutations, deregulated p53
signaling, or p16ink4a promoter methylation, events
that allow escape from cell senescence and lead to
progression frompreneoplasia tomedulloblastoma.
Thexaxis indicates time, and theyaxis indicates the
relative levels of cell senescence (left axis) and
proliferation (right axis) according to the experi-
mental data from Figure 1.(Castellino et al., 2008) and increases medulloblastoma forma-
tion in mice when overexpressed together with Shh (Doucette
et al., 2012). Together, these findings provide strong evidence
that hedgehog signaling leads to a functional inactivation of
p53 signaling to permit GCP proliferation and, in some instances,
medulloblastoma formation. However, the presence of somatic
p53mutations in Ptch1+/medulloblastoma (this study) demon-
strates that the ability of Shh signaling to functionally suppress
p53 signaling is not always sufficient to inactivate p53 activity
in a tumorigenic context.
TP53 Mutations in Human SHH Medulloblastoma
Recently, it has been reported that the frequency of TP53 mu-
tations in the WNT and SHH medulloblastoma subgroups is
16% and 21%, respectively, but they are absent from group
3 and 4 medulloblastoma (Zhukova et al., 2013). Since most
cases of human SHH medulloblastoma with TP53 mutations
also display mutations affecting hedgehog signaling (Kool
et al., 2014), these studies indicate that specific molecular
mechanisms occurring in SHH medulloblastoma lead to selec-
tion pressure for the inactivation of the P53 pathway. Based on
our results, we propose that cell senescence resulting from
overactive hedgehog signaling constitutes a tumor-suppressive
mechanism in medulloblastoma that leads to TP53 mutations
during medulloblastoma progression. Because it is virtually
impossible to analyze preneoplastic stages in human, and
because the molecular analysis of advanced tumors does not
allow the establishment of the temporal sequence in which mu-
tations arise during tumor formation, our study indicates that in
medulloblastoma cases with somatic TP53 mutations, these
somatic TP53 mutation events likely occur at late stages of me-
dulloblastoma formation.
In addition to the somatic mutations, close to 50% of TP53
mutations in SHH medulloblastoma are germline mutations
(Kool et al., 2014; Zhukova et al., 2013); patients with Li-Frau-
meni syndrome develop exclusively SHH medulloblastomas as
a result of chromothriptic events that lead to mutations in hedge-
hog signaling components (Rausch et al., 2012). This demon-
strates that in Li-Fraumeni syndrome, mutations in hedgehog
signaling genes can occur after TP53 mutations and lead to
SHH medulloblastoma formation. Although p53 knockout mice
or mouse models of Li-Fraumeni syndrome seldom develop
medulloblastoma (Olive et al., 2004), the combined inactivation2934 Cell Reports 14, 2925–2937, March 29, 2016 ª2016 The Authorof p53 and DNA repair factors lead to medulloblastomas of the
Shh subgroup that harbor chromosomal deletions encompass-
ing the Ptch1 locus (Frappart et al., 2009). Therefore, evidence
from both mouse and human studies supports two different
molecular mechanisms of medulloblastoma formation where
p53 mutations can occur before or after mutations in hedgehog
signaling components. When happening first, mutations in
hedgehog signaling components lead to cell senescence and
are followed by p53 inactivation (Figure 7); in contrast, TP53
germline mutations cause chromosomal instability and lead to
mutations in hedgehog signaling genes.
Apoptosis and Medulloblastoma Tumor Suppression
It has been recently reported that mis-expression of N-Myc in
neuronal progenitors (referred to as the GTML tumor model)
leads to the formation of medulloblastomas that harbor somatic
p53 mutations (Hill et al., 2015), indicating that p53 mutations
collaborate with N-Myc overexpression formedulloblastoma for-
mation. GTML tumors have a signature of group 3 medulloblas-
toma and represent a model for medulloblastoma relapse cases
with combined c-MYC or N-MYC and TP53mutations (Hill et al.,
2015). Interestingly, overexpression of c-Myc in GCPs (Kawau-
chi et al., 2012) or in CD133+ neural stem cells (Pei et al., 2012)
gives origin to aggressive group 3medulloblastoma only in com-
bination with p53 inactivation, while c-Myc overexpression alone
only leads to the formation of hyperplasia, which likely regress as
a result of p53-dependent apoptosis (Pei et al., 2012). Therefore,
the available evidence suggests that P53 pathway inactivation
might also be required for group 3 medulloblastoma develop-
ment and that p53-dependent apoptosis may be one of the
tumor-suppressive mechanisms in this medulloblastoma sub-
group. Importantly, the molecular mechanisms leading to the
acquisition of somatic p53 mutations in tumors overexpressing
N-Myc have not been explored (Hill et al., 2015).
In models of Shh medulloblastoma, there is little evidence that
apoptosis is a strong tumor-suppressive mechanism. Ptch1 has
been suggested to act as a proapoptotic dependence receptor
in the developing spinal cord that leads to caspase-9 activation
in absence of the ligand Shh (Mille et al., 2009). According to this,
the absence of Ptch1 in preneoplasia should lead to reduced
levels of apoptosis compared to the EGL; however, we observed
higher levels of apoptosis in preneoplasia compared to the EGL
(Figures 1I and 1J). While the reason for this is not clear, it coulds
be due to tissue-specific differences between spinal cord and
cerebellum.
The fact that we did not observe changes in apoptosis levels
as preneoplastic lesions progress from preneoplasia to
advanced medulloblastoma (Figures 1I and 1J) supports the
notion that apoptosis is not an essential tumor-suppressive bar-
rier to Shh medulloblastoma progression. Consistent with this,
human SHH medulloblastomas display a paucity of mutations
involved in apoptosis (Kool et al., 2014). Therefore, cell senes-
cence appears to be amore important tumor-suppressivemech-
anism than apoptosis for Shh medulloblastoma, while the
converse might be true for group 3medulloblastoma. Consistent
with this, p53 mutations are known to have context-specific
effects. For example, it has been shown that in tumors such
as lymphomas p53 mutations abrogate apoptosis but not cell
senescence, while in sarcomas p53 mutations abrogate cell
senescence but not apoptosis (Ventura et al., 2007). The fact
that p53 dysfunction does not reduce apoptosis in Shh medullo-
blastoma suggests that p53 preferentially regulates cell senes-
cence over apoptosis in these tumors.
Cell Senescence Is a Tumor-Suppressive Mechanism
for Medulloblastoma
Here, we provide evidence that medulloblastoma preneoplastic
lesions display a senescent phenotype that limits their prolif-
erative capacity and their progression to advanced tumors.
Although we describe this senescence response as a form of
OIS, cell senescence in medulloblastoma preneoplasia likely re-
sults from the oncogenic stress subsequent to the loss of Ptch1,
a tumor suppressor gene; analogously, loss of PTEN, another
tumor suppressor, has been shown to induce senescence in
prostate cancer (Chen et al., 2005). Loss of Ptch1 leads to hyper-
activation of hedgehog signaling, which can lead to high levels of
N-Myc and CyclinD1, two candidates that can mediate Ptch1
LOH-dependent oncogenic stress and senescence. Because
Ptch1 has also been shown to interact with and to sequester
CyclinB1 at the cell membrane (Barnes et al., 2001), the
increased nuclear availability of CyclinB1 after Ptch1 LOH may
also lead to oncogenic stress.
Basal cell carcinoma (BCC), a skin tumor caused by deregula-
tion of hedgehog signaling, is characterized by mutations in
PTCH1 (Gailani et al., 1996). Similar to medulloblastoma,
PTCH1 LOH is required for BCC formation (Gailani et al.,
1996). Importantly, TP53 mutations occur in BCCs together
with PTCH1 mutations (Zhang et al., 2001) even in the presence
of PTCH1 LOH. This indicates that p53 pathway inactivation also
cooperates with hedgehog signaling deregulation during BCC
formation. However, whether TP53 mutations precede or follow
PTCH1 LOH in BCC remains unknown (Ling et al., 2001). In view
of our data, we speculate that at least in some cases, BCC pre-
neoplastic lesions may experience cell senescence, leading to
P53 inactivation.
In conclusion, our data suggest that cell senescence in medul-
loblastoma preneoplastic lesions creates selection pressure for
p53 and p16ink4a inactivation. We propose that human SHH
medulloblastomas as well as BCCs with PTCH1 mutations
may experience similar molecular changes that also lead to
TP53 mutations and senescence evasion. In addition to TP53Celland CDKN2A, mutations in other genes important for cell senes-
cence such as P63 and ATM have also been reported in SHH
medulloblastoma (Kool et al., 2014), further supporting the idea
that cell senescence constitutes a tumorigenesis barrier during
medulloblastoma precancerous stages.
EXPERIMENTAL PROCEDURES
Additional experimental procedures for qRT-PCR, bioinformatic analyses,
virus preparation, orthotopic transplantation, and bisulfite sequencing can
be found in Supplemental Experimental Procedures.
Mouse Lines
All animal work was performed according to the Canadian Council on Animal
Care guidelines. Ptch1+/lacZ (referred to as Ptch1+/) mice (Goodrich et al.,
1997) were backcrossed with C57BL/6 mice (Harlan). p53R172H mutant mice
(p53LSL-R172H) were described previously (Olive et al., 2004).
Immunohistochemistry
12-mm cryosections were processed for immunohistochemistry or immunoflu-
orescence as described previously (Izzi et al., 2011; Mille et al., 2014). Anti-
bodies and dilutions are described in Supplemental Experimental Procedures.
p53 sequencing
To screen for p53mutations, we isolated genomicDNA fromadvancedmedullo-
blastomas and sequenced the full coding frame of the p53 gene. Each sequence
was inspected tofindmutations. IndelsweredetectedusingCodonCodeAligner.
See Supplemental Experimental Procedures for primer sequences.
Laser Capture Microdissection
Preneoplastic lesions were microdissected using an Arcturus Laser Capture
microscope (Life Technologies). 12-mm cerebellum cryosections were
collected on Super Frost slides (Fisher). After dehydrating the tissue, the areas
of interest were captured on CapSure High Sensitivity (HS) caps using the
infrared laser. DNA was isolated from the lesions using a DNA Pico Pure Isola-
tion kit (Life Technologies).
Assessment of the Status of the Ptch1Wild-Type Allele
We performed qPCR on total genomic DNA isolated using a DNeasy Kit
(QIAGEN). The levels of the wild-type allele of Ptch1 relative to Dot1l were
normalized to the IGL (for preneoplasia; Figure 3) or to the cortex (for advanced
medulloblastoma; Figure 2) of Ptch1 mice (one copy of Ptch1) and were ob-
tained using the delta-delta-CT method and Sybrgreen reagents on a Viia 7
system (Life Technologies); reactions were carried in triplicate, and the amount
of gDNA per reaction was 20 ng. We designed primers recognizing Ptch1
Exon1-Intron1-2. Since this region is deleted in the Ptch1mutant allele (Good-
rich et al., 1997), these primers are specific for the wild-type allele of Ptch1.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
two figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.celrep.2016.02.061.
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